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Midbrain dopamine neurons recorded in vivo pause their firing in response to reward omission and aversive stimuli. While the initiation
of pauses typically involves synaptic or modulatory input, intrinsic membrane properties may also enhance or limit hyperpolarization,
raising the question of how intrinsic conductances shape pauses in dopamine neurons. Using retrograde labeling and electrophysiolog-
ical techniques combined with computational modeling, we examined the intrinsic conductances that shape pauses evoked by current
injections and synaptic stimulation in subpopulations of dopamine neurons grouped according to their axonal projections to the nucleus
accumbens or dorsal striatum in mice. Testing across a range of conditions and pulse durations, we found that mesoaccumbal and
nigrostriatal neurons differ substantially in rebound properties with mesoaccumbal neurons displaying significantly longer delays to
spiking following hyperpolarization. The underlying mechanism involves an inactivating potassium (IA ) current with decay time con-
stants of up to 225 ms, and small-amplitude hyperpolarization-activated currents (IH ), characteristics that were most often observed in
mesoaccumbal neurons. Pharmacological block of IA completely abolished rebound delays and, importantly, shortened synaptically
evoked inhibitory pauses, thereby demonstrating the involvement of A-type potassium channels in prolonging pauses evoked by GABAe-
rgic inhibition. Therefore, these results show that mesoaccumbal and nigrostriatal neurons display differential responses to hyperpolar-
izing inhibitory stimuli that favors a higher sensitivity to inhibition in mesoaccumbal neurons. These findings may explain, in part,
observations from in vivo experiments that ventral tegmental area neurons tend to exhibit longer aversive pauses relative to SNc neurons.
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Introduction
Midbrain dopamine neurons contribute to a range of behaviors
including reward, aversion, and movement. Early studies classi-

fied dopamine neurons based on their anatomical location
within either the ventral tegmental area (VTA) or the substantia
nigra (SNc) (Dahlstroem and Fuxe, 1964). However, individual
dopamine neurons innervate only a single brain nucleus and thus
may be more effectively classified according to their axonal pro-
jections (Fallon and Moore, 1978; Oades and Halliday, 1987;Received Sept. 21, 2016; revised Feb. 2, 2017; accepted Feb. 10, 2017.
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Significance Statement

Our study examines rebound, postburst, and synaptically evoked inhibitory pauses in subpopulations of midbrain dopamine
neurons. We show that pauses in dopamine neuron firing, evoked by either stimulation of GABAergic inputs or hyperpolarizing
current injections, are enhanced by a subclass of potassium conductances that are recruited at voltages below spike threshold.
Importantly, A-type potassium currents recorded in mesoaccumbal neurons displayed substantially slower inactivation kinetics,
which, combined with weaker expression of hyperpolarization-activated currents, lengthened hyperpolarization-induced delays
in spiking relative to nigrostriatal neurons. These results suggest that input integration differs among dopamine neurons favoring
higher sensitivity to inhibition in mesoaccumbal neurons and may partially explain in vivo observations that ventral tegmental
area neurons exhibit longer aversive pauses relative to SNc neurons.
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Björklund and Dunnett, 2007; Aransay et al., 2015). In particular,
a subset of VTA dopamine neurons project to the nucleus accum-
bens (mesoaccumbal), while most SNc neurons project primarily
to the dorsal striatum (nigrostriatal). Determining whether me-
soaccumbal and nigrostriatal neurons form functionally distinct
subpopulations is an important step in understanding how
dopamine-dependent signaling contributes to reward and motor
circuits.

Dopamine neurons recorded in vivo pause their firing follow-
ing reward omission or in response to aversive stimuli (Schultz et
al., 1997; Ungless et al., 2004; Fiorillo et al., 2013a,b). Interest-
ingly, the duration of pauses varies with cell location within the
midbrain. For example, VTA neurons reliably pause their firing
in response to aversive stimuli (Mileykovskiy and Morales, 2011;
Wang and Tsien, 2011), while SNc neurons respond more vari-
ably with either decreasing or increasing excitability (Matsumoto
and Hikosaka, 2009; Lerner et al., 2015) or do not respond at all
(Brown et al., 2009). One compared pauses in vivo following
spontaneously generated bursts in dopamine neurons, and found
that mesoaccumbal neurons exhibited significantly longer post-
burst pauses than nigrostriatal neurons (Clark and Chiodo,
1988). Although the observed heterogeneity in pauses among
dopamine neurons subpopulations likely involves differences in
synaptic inputs, whether differences in intrinsic membrane con-
ductances contribute has yet to be fully determined.

Cellular-level studies examining membrane responses to pro-
longed hyperpolarizations have provided important insight into
the ionic conductances that shape the rebound properties of sub-
stantia nigra neurons (Neuhoff et al., 2002; Amendola et al.,
2012). These studies demonstrate that postinhibitory rebound
delays rely on the interplay of transient outward potassium (IA)
currents along with hyperpolarization-activated cation (IH) cur-
rents. However, whether rebound delays are predictive of re-
sponses to inhibitory stimuli that occur at the subthreshold
voltages achieved during natural spontaneous activity is not well
understood. Furthermore, experiments testing the intrinsic con-
ductances that shape synaptically evoked inhibitory (i.e., GABAe-
rgic) pauses in dopamine neurons have not yet been performed,
and whether these underlying ionic conductances differ between
mesoaccumbal and nigrostriatal dopamine neuron subpopula-
tions is not well understood.

We used retrograde labeling and electrophysiology in co-
mbination with computational modeling to compare rebound
properties, postburst pauses and synaptically evoked inhibitory
pauses in mesoaccumbal and nigrostriatal dopamine neuron
subpopulations. We found that mesoaccumbal neurons exhibit
substantially longer rebound delays than nigrostriatal neurons in
response to hyperpolarizing current injections covering a range
of amplitudes and durations. Recording the underlying ionic cur-
rents in voltage-clamp mode, we found that the higher sensitivity
of mesoaccumbal neurons relies on recruitment of A-type potas-
sium currents that display slow inactivation kinetics. By contrast,
nigrostriatal neurons expressed IA currents that displayed faster
inactivation kinetics and larger amplitude IH currents. Compu-
tational modeling demonstrated that the slow decay of IA alone
slows rebound responses to hyperpolarizing inhibition, even in
the presence of sizeable IH and T-type calcium currents. Last, we
tested the pharmacological block of IA on pauses evoked by
GABAergic synaptic inputs and found that IA enhances GABA-
mediated pauses in dopamine neurons. Together, these experi-
ments demonstrate that mesoaccumbal and nigrostriatal
neurons display differential responses to hyperpolarizing inhibi-
tion. Furthermore, a unique combination of ionic conductances

in mesoaccumbal neurons prolong pauses in firing and may con-
sequently play an important role in signaling of aversive events.
Given recent findings that dopamine neuron subpopulations re-
ceive largely overlapping synaptic inputs (Beier et al., 2015; Le-
rner et al., 2015; Menegas et al., 2015), these results suggest that
heterogeneity in intrinsic and integrative properties are equally
important contributors to functional diversity among dopamine
neuron subpopulations.

Materials and Methods
Animal husbandry. Experiments were performed on transgenic male and
female mice (postnatal day 14 to 23) in which the expression of the green
fluorescent protein (GFP) is driven by the promotor for tyrosine hydrox-
ylase (TH-GFP mice) (Matsushita et al., 2002). All mice were maintained
according to the guidelines set by the Animal Care and Use Committee
for the National Institute of Neurological Disorders and Stroke and the
National Institutes of Health.

Stereotaxic Brain Injections. A Stoelting stererotaxic instrument for
small animals was used to microinject the retrograde labeler cholera-
toxin subunit B (CTB) conjugated to Alexa-555 (CTB-AF555) into the
left and right hemispheres of TH-GFP mice at postnatal days 15 to 18.
Mice were anesthetized using 1.5% isoflourane. Each scalp was shaved,
cleaned with betadine and saline, injected with lidocaine (1%), and in-
cised. PBS was used to keep the skull moist throughout surgery. The
coordinates which correspond to bregma, lateral and ventral respectively
were as follows: �1.6, �1.5, �4.6 for nucleus accubens and �1.6, �1.4,
�2.5 for the dorsal striatum. CTB-AF555 (�0.8 �l) was injected using a
Hamilton microsyringe. After surgery, the scalp wound was closed using
vet bond glue and the mouse was placed in an aerated cage to recover
before being placed back in cage with parents and littermates. Mice were
used for electrophysiology after a minimum of 3 d.

Slice preparation. Coronal midbrain slices of 300 �m thickness were
prepared from TH-GFP mice using a Microslicer DTK-Zero1. Slices were
cut in an ice-cold glycerol-based slicing solution containing the following
(in mM): 250 glycerol, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 10
HEPES, 21 NaHCO3, and 5 glucose. Slices were incubated in a warm
33°C bath containing recording solution simultaneously bubbled with
95% O2/5% CO2 for 30 min and incubated at room temperature for
another 30 min. Recording solution contained the following (in mM):
125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 10 glucose, 5 HEPES, 1
MgCl2, and 2 CaCl2.

Patch-clamp electrophysiology. Midbrain slices containing the VTA and
SNc were placed in a heated recording chamber that was continuously
perfused with heated ACSF with temperatures ranging from 31 to 33°C.
Candidate neurons were first visualized and located using an upright
Olympus BX50WI microscope connected to a Hamamatsu CCD camera.
GFP-positive green neurons were considered to be dopamine neurons
and CTB-AF555 positive red neurons were identified as retrogradely-
labeled subpopulations that innervate either nucleus accumbens or dor-
sal striatum. Neurons were recorded only if they were positive for both
red and green fluorescence, indicating that they were dopamine neurons
that projected to the either the nucleus accumbens or dorsal striatum.

Neurons were recorded using borosilicate recording electrodes (VWR
International) pulled using a flaming/brown micropipette puller (Sutter
Instrument). Pipettes were filled with an internal recording solution that
contained the following (in mM): 135 KMeSO3, 10 NaCl, 10 HEPES, 2
MgCl2, 0.5 EGTA, and 0.1 CaCl2. Electrodes were wrapped with Parafilm
to reduce electrode capacitance. Brain slices were placed in a recording
chamber that was constantly perfused with oxygenated recording solu-
tion. Slices were visualized with an upright microscope (Olympus) via an
IR-DIC prism with 4� and 60� objectives. All data were collected using
pClamp10 software (Molecular Devices), recorded on a Multiclamp
700B amplifier, and digitized on a Digidata 700B. Data were filtered at 10
kHz and sampled at 20 kHz. Series resistance and whole-cell capacitance
were compensated using the whole-cell and Rs compensation features
and Rs monitored frequently. Cells with uncompensated series resis-
tances of �16 M� were immediately discarded. All experiments were
performed at 31�33°C.
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Spontaneous and evoked firing. To maximize the number of recordings
displaying healthy firing activity, spontaneous firing was first monitored
for a period in a cell-attached configuration. The membrane was then
ruptured while recording in current-clamp mode, which allowed for easy
identification of firing rate changes due to damage during breakthrough.
Initial spontaneous firing activity was obtained for 1–2 min, during
which the health of the neuron was further evaluated. If the spontaneous
firing rate differed dramatically from the firing rate during the cell-
attached configuration, the cell was discarded. Bridge balance was often
corrected using the automatic function of the Multiclamp amplifier.
Frequency-intensity curves were obtained for each neuron by providing
a series of depolarizing current injections (40 pA steps, 1 s duration)
during their spontaneous activity. The maximal firing rate taken as the
rate immediately preceding entry into depolarization block.

Voltage-clamp recordings. A-type potassium currents (IA) were isolated
pharmacologically using extracellular recording solutions that included
50 mM tetraethylammonium chloride (TEA-Cl) and 1 �M TTX. In some
instances, 30 �M nifedipine, 20 �M ZD9866, 100 �M 4-aminopyridine,
and 3 �M cesium chloride were present. A-type potassium currents ex-
hibiting both the slow and fast inactivation kinetics were blocked in the
presence of either 0.5 or 1 �M AmmTX3 (a specific blocker for Kv4
channels). The time constant of inactivation was measured in currents
evoked by steps from �90 to �40 mV. The voltage dependence of inac-
tivation was tested using a pulse to �40 mV (250 ms) preceded by family
of prepulse voltage steps (1 s) ranging from �120 to �40 mV.

Histology and confocal imaging. Slices with retrogradely labeled dopa-
mine neurons were placed in 4% paraformaldehyde for at least 24 h and
rinsed three times with PBS before being mounted onto glass slides with
mounting medium (Vectashield). In Figure 1, slices were imaged using a
Leica microscope with an inverted 10� objective. In Figure 2, neurons
were imaged using a laser scanning confocal LSM 510 microscope using
an inverted 10� objective for images of the whole tissue depicting injec-
tion site and 63� for the individual neuron (Fig. 2). Images were pro-
cessed using ImageJ (NIH).

Data analysis and statistics. All electrophysiological traces were analyzed
using Igor (Wavemetrics). To quantify voltage dependence of inactivation,
current amplitudes resulting from a test pulse to �40 mV were plotted
against prepulse voltages. Values were then fit with the following Boltzmann
function: f(x) � Imax � [1/(1 	 exp[(x � Vh)/k])] 	 Imin, where Imax equals
maximal current, Vh equals the voltage of half-inactivation, k equals the
slope factor, and Imin equals the minimal current. Recovery from inactiva-
tion was obtained by plotting the ratio of the amplitudes of the second pulse
(test) to the first pulse to the time interval. The curve was fit to a rising
exponential function to obtain the time constant of recovery from
inactivation.

To calculate the recovery from inactivation, the fraction of recovery
was calculated as the ratio of the recovered current amplitude to the
amplitude of the test pulse. The fraction of recovery was then plotted
against the corresponding duration of the recovery step between pulses
and fit with an exponential to obtain the recovery time constant.

The junction potential of our methanesulfonate-based internal solu-
tion was measured at �8.2 mV; however, the data presented were not
corrected. All statistics were performed using either the nonparametric
tests, Mann–Whitney U test, or Student’s t test except where noted. Av-
erage values are reported as means � SEM.

Computational modeling. A computational model of a VTA dopamine
neuron was created in Genesis simulation software (Bower and Beeman,
2007). This model contains a fast sodium current (Naf; Seutin and Engel,
2010; Tucker et al., 2012), a sodium leak current (NaL), a delayed recti-
fying potassium current (Liu et al., 2012; Khaliq and Bean, unpublished
data), an A-type potassium current IA, an IH current (Z. M. Khaliq,
unpublished data; Migliore et al., 2008), and the calcium-activated po-
tassium channels, SK and BK (Hirschberg et al., 1998; Maylie et al., 2004;
Evans et al., 2013; Jaffe et al. 2011). In addition, the model contains five
calcium channels (T, R, N, L1.2, and L1.3; Tuckwell, 2012; Evans et al.,
2013; Table 1). All calcium channels contribute to a calcium pool, mod-
eled with a single time constant of decay (25 ms), which activates the SK
and BK channels. The computational model has a spherical soma with
two symmetrical primary dendrites which branch into secondary and

tertiary dendrites, each dendrite is broken into compartments of 20 �m
each for a total of 69 compartments (including soma). All channels are
the same density throughout compartments, except the A-type potas-
sium current, which is limited to the soma and proximal dendrites (�50
�m from the soma) to replicate (Gentet and Williams, 2007), and the
T-type current, which is located only in the dendrites. The model was
tuned to replicate the slow (1–5 Hz) spontaneous firing rate and high
input resistance characteristic of dopamine neurons. Voltage-clamp sim-
ulations were conducted in a single somatic compartment. The compu-
tational model will be made available on ModelDB. Please see Table 1
below for a summary of the conductances used in the model.

Results
Similar postburst pauses but larger rebound delays in
mesoaccumbal vs nigrostriatal dopaminergic neurons
Dopaminergic neurons recorded in vivo pause their firing in re-
sponse to aversive stimuli (Ungless et al., 2004; Matsumoto and
Hikosaka, 2009) and reward omission (Schultz et al., 1997; Cohen et
al., 2012). Past work analyzing spontaneous burst-pause activity re-
corded in anesthetized rats reported substantially longer postburst
pauses in mesoaccumbal neurons compared to the nigrostriatal neu-
rons (Clark and Chiodo, 1988). However, whether differences in
intrinsic properties can account for the distinctly longer burst-
pauses reported in mesoaccumbal neurons has yet to be determined.
Therefore, we first compared postburst pauses recorded in midbrain
dopamine neurons categorized according to their axonal projections
to either nucleus accumbens (mesoaccumbal) or dorsal striatum
(nigrostriatal) dopamine subpopulations.

To visually identify dopamine neurons projecting to distinct
brain regions, we injected CTB-AF555 into either the nucleus
accumbens or dorsal striatum of mice that express GFP driven by
the tyrosine hydroxylase promoter (TH-GFP; Matsushita et al.,
2002; Fig. 1). Injections into the nucleus accumbens resulted in a
majority of labeled neurons located in the ventral tegmental area
(Fig. 1A–C). While most dual labeled neurons were present in
VTA, many could be found at the border of VTA and SNc with
occasional neurons found in the SNc. Similarly, we found that
CTB injections into the dorsal striatum resulted in dual labeled
neurons in the SNc with a number of neurons found at the border
of SNc and VTA (Fig. 1D–F). Because the borders of these two
nuclei (SNc and VTA) are not well defined and contain mixtures
of mesoaccumbal and nigrostriatal neurons, retrograde labeling
of dopamine neuron subpopulations was necessary for clear
identification of cell types. Therefore, whole-cell recordings were
made only from neurons colabeled with GFP and CTB-AF555,
indicating projection-specific dopamine neuron subpopulations.

To test postburst pauses, we interrupted spontaneous firing
with 1 s depolarizing current pulses covering a range of ampli-
tudes to evoke high-frequency firing, and then measured the sub-
sequent postbust pause (Fig. 2C,D). We found that the rates of
spontaneous firing in mesoaccumbal and nigrostriatal neurons
were comparable at 2.89 � 0.14 Hz (n � 89) versus 2.43 � 0.14
Hz (n � 72; Mann–Whitney test, p � 0.03) but statistically dif-
ferent. Comparing burst pauses at maximal firing rates, we found
that mesoaccumbal dopamine neurons exhibited substantially
higher maximal firing rates at 20.36 � 1.54 Hz, resulting in longer
postburst pauses of 1.92 � 0.18 s (n � 28) relative to nigrostriatal
neurons, which fired maximally at 13.18 � 0.8 Hz, resulting in an
average postburst pause of 1.3 � 0.09 s (n � 36). However, when
comparing pauses following bursting at similar rates, we found
that the duration of postburst pauses was similar between me-
soaccumbal and nigrostriatal neurons (Fig. 2D). In contrast to
previous work in vivo (Clark and Chiodo, 1988), we found that
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the intrinsically generated postburst pauses do not differ between
mesoaccumbal and nigrostriatal neurons.

A separate variety of pauses occurs as a result of stimuli that
directly inhibit firing, such as those originating from activation of
inhibitory GABAA mediated inputs (Tepper and Lee, 2007), or
from activation of hyperpolarizing modulatory receptors such as
GABAB receptors (Edwards et al., 2017) or dopamine D2 autore-
ceptors (Gantz et al., 2013). To gain insight into the intrinsic cell
properties that contribute to pauses resulting from hyperpolariz-
ing inhibition, we next examined rebound properties of dopa-
mine neurons. We interrupted spontaneous firing with a range of
hyperpolarizing current injections and measured the latency to

the first spike as the cell resumed firing, hereafter called the “re-
bound delay” (Fig. 2E,F,I). We then plotted the rebound delay
against the cell’s voltage measured at the point that the current
injection was released, referred to as the “baseline voltage” (Fig.
2F, I). There was substantial variability within dopamine neuron
subpopulations, with rebound delays ranging from 128.8 ms to
1.3 s in mesoaccumbal neurons and 99 to 882.9 ms in nigrostri-
atal neurons (measured from a baseline of �65 mV to �75 mV;
Fig. 2 I, J). Interestingly, however, the average duration of re-
bound delays were twice as long in mesoaccumbal neurons as
compared to nigrostriatal neurons (maximal rebound delays at
�75 mV, mesoaccumbal, 650.8 � 100.83 ms, n � 24; nigrostri-

Figure 1. Retrograde labeling of mesoaccumbal and nigrostriatal dopamine neurons. A, Schematic of a sagittal section of a mouse brain along with mesoaccumbal projection. CTB conjugated to
Alexa555 was injected into nucleus accumbens to retrogradely label dopamine neurons in the VTA. B, Schematic (left) and 10� tiled image of a coronal section of midbrain slice (right) in TH-GFP
mouse depicting mesoaccumbal subpopulations. GFP-positive TH cells are show in green, and CTB-positive NAc-projecting neurons are shown in red. C, Image of VTA and SNc demonstrating the
mesoaccumbal subpopulation. D, Schematic of injection site of CTB in the dorsal striatum. E, Schematic (left) and 10� tiled image (right) of a coronal section of midbrain slice in same TH-GFP mouse
depicting nigrostriatal subpopulation. F, Image of the VTA (medial) and SNc (lateral). DS, Dorsal striatum; VS, ventral striatum.
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Figure 2. Comparison of postburst pauses and rebound delays in mesoaccumbal and nigrostriatal dopamine subpopulations. A, Injection site of CTB in the nucleus accumbens (left) and dorsal
striatum (right) of a TH-GFP mouse. B, Example of TH-GFP	 dopamine neuron retrogradely labeled with CTB-AF555 injected into nucleus accumbens. C, Example traces in which spontaneous firing
recorded in mesoaccumbal (blue) and nigrostriatal (black) neurons has been interrupted with a depolarizing current injection. Arrows indicate postburst latency. D, Plot of averaged binned postburst
latency versus burst frequency in mesoaccumbal and nigrostriatal dopamine neurons. Closed symbols represent the mean � SEM. Lines represent data from individual neurons (blue, mesoaccum-
bal; gray, nigrostriatal). E, Example traces of rebound delays from mesoaccumbal (blue) and nigrostriatal (black) in response to a 1 s hyperpolarizing current injection. Baseline voltage values are
indicated. F, Plot of averaged binned maximal rebound delays versus baseline voltage. G, Examples of rebound delays shown on an expanded scale for clarity showing linear fit of the rebound delay
(red lines) as a measure of the rebound slope. H, Plot of rebound slope versus rebound delay in mesoaccumbal dopamine neurons (triangles) measured from a baseline voltage of 
�75 mV. The
red line indicates exponential fit. I, Summary of rebound pause duration in mesoaccumbal neurons (left). Dark blue lines show individual neurons (N � 24), and light blue circles show 5 mV binned
averages � SEM. A summary of nigrostriatal neurons is shown on the right. Gray lines show individual neurons (N � 31), and black circles and lines show 5 mV binned averages � SEM. J, Same plot
as in H but in nigrostriatal dopamine neurons (circles). The red line indicated exponential fit. Asterisks indicate a P value �0.05.
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atal, 327.8 � 44.6 Hz, n � 31; Mann–Whitney test, p � 0.0038;
Fig. 2F). As a complementary measurement of the delay, we mea-
sured the depolarizing slope of the membrane potential during
the rebound delay, called the “rebound slope.” We found that a
plot of the rebound slope against the rebound delay was fit well by
an exponential function in both the mesoaccumbal and nigrostri-
atal subpopulations (Fig. 2H, J). In particular, we found that
steeper rebound slopes and, by consequence, faster rebound de-
lays were more likely present in the nigrostriatal dopamine neu-
rons. Together, our results show that mesoaccumbal and
nigrostriatal neurons exhibit similar spontaneous activity
and postburst pauses, but display divergent responses to hy-
perpolarization as shown in the differences in their rebound
properties.

Development of rebound delays evoked by a range of brief
duration hyperpolarizations
We next quantified the dependence of the rebound delay on the
duration of the hyperpolarizing current for injections ranging
from 1 to 500 ms. An example recording from a mesoaccumbal
neuron is provided in Figure 3A. We found that brief hyperpo-
larization durations of 1, 5, or 10 ms had little effect on the timing
of subsequent spikes. However, longer hyperpolarizations of 25
ms and above resulted in substantial increases in rebound delays,
with the maximal rebound delay of 711.9 ms occurring in re-
sponse to a 100 ms hyperpolarization. Longer hyperpolarizations
(�100 ms) produced no further enhancement of the delay. Sim-
ilarly, in the example nigrostriatal neuron shown in Figure 3B, a
hyperpolarization of 100 ms resulted in a maximal delay of only
266.2 ms. We observed the same trend across a population of cells
(Fig. 3C,D). Mesoaccumbal neurons displayed average maximal
rebound delays of 1207 � 186 ms (n � 16) with 14 of 16 cells
achieving maximal delays following hyperpolarizing pulses of
100 ms. In nigrostriatal neurons, maximal delays were achieved
with following hyperpolarizing pulses of 50 ms in 2 neurons, 100
ms in 4 neurons, and 500 ms in 1 neuron. Among these neurons,
the duration of the maximal rebound delay was an average of
578.12 � 93.65 ms (n � 7; Mann–Whitney test, p � 0.047).
Therefore, although mesoaccumbal and nigrostriatal neurons
differ in the duration of their maximal delays, these results dem-
onstrate that an initial hyperpolarization of 
100 ms in duration
is sufficient to reach maximal rebound delay in both cell types.

Effect of subthreshold inhibitory current pulses on spike
timing during pacemaking
Long-duration, severe hyperpolarizations are typically used to
evoke rebound delays. Although convenient experimentally,
these hyperpolarizations may recover channels that would have
been otherwise inactivated and may exaggerate the contribution
of these conductances to excitability within the physiological
voltage range. Therefore, we focused on firing responses to short
hyperpolarizations (5, 25, and 100 ms) designed to mimic activity
from a single input or short summating bursts of hyperpolarizing
inhibitory inputs. To test this, we injected hyperpolarizing cur-
rent injections of increasing amplitudes on a background of
spontaneous firing activity. Figure 4A provides the layout of the
experiment wherein increasing amplitudes of current injections
that lasted 5, 25, and 100 ms were injected, interleaved by spon-
taneous firing activity in both mesoaccumbal and nigrostriatal
dopamine neurons. Figure 4, B and C, provides typical responses
to 100 ms current injections in mesoaccumbal and nigrostriatal
neurons. A current injection that hyperpolarized neurons to
near �55 mV resulted in a 294.8 ms delay in the mesoaccumbal
neuron, but only slightly shorter delay of 285.2 ms in the nigro-
striatal neuron. Further hyperpolarization to near �65 mV, how-
ever, resulted in a delay of 522.6 ms in mesoaccumbal neurons,
but a somewhat shorter delay of 420.22 ms in the nigrostriatal
neuron.

We next quantified the effect of brief current injections on
spike timing. To do this, we normalized the duration of the in-
terspike interval affected by the current injection (ISI0) to the
preceding interspike interval during spontaneous firing (ISI1),
calculated as the ISI1/ISI0 ratio (Fig. 4B,C). To robustly compare
effects across neurons and reduce variability in the timing of the
onset of the current injections, we analyzed injections that oc-
curred only within the middle 50% of the interspike interval
(ISI). In our example cells, hyperpolarizing to a minimum volt-
age of �65 mV for 100 ms in the mesoaccumbal neuron resulted
in a ISI1/ISI0 ratio of 2.10, an increase of more than double the
duration of the control interspike interval. In the nigrostriatal
neuron, however, we observed a ISI1/ISI0 ratio of only 1.5, a 50%
increase in the interspike interval.

In a population of cells, we plotted the ISI1/ISI0 ratio against
the minimum voltage reached following the hyperpolarizing cur-
rent injection. We reasoned that plotting the minimum voltage
should control for potential differences in input resistance be-
tween cell types. Following 100 ms current injections that hyper-
polarized cells to �55 mV, we found an ISI1/ISI0 ratio of 1.71 �
0.08, a 70.8% increase in the interspike interval of mesoaccumbal
neurons (n � 16), compared to an ISI1/ISI0 ratio of 1.44 � 0.09,
an increase of the 44% in nigrostriatal neurons (n � 8; p � 0.048;
Fig. 4F). With further membrane hyperpolarization to �65 mV,
well within physiological voltage range in dopamine neurons, the
difference between ISI1/ISI0 ratios measured in mesoaccumbal
and nigrostriatal neurons became more prominent. The ISI1/ISI0

ratio following hyperpolarization to �65 mV in mesoaccumbal
neurons was 2.36 � 0.1, an increase in duration of 136%, and in
nigrostriatal neurons it was 166.2 � 0.04, an increase in duration
of 66.2% (n � 8; p � 3.2e-7). Probing the response to 5 and 25 ms
hyperpolarizations, however, we found no difference in the ISI1/
ISI0 ratio between subpopulations at any voltage measured
(Fig. 4 D, E). Collectively, these data demonstrate that mesoac-
cumbal and nigrostriatal neurons differ substantially in their
sensitivity to both long (1 s) and short (100 ms) hyperpolar-
izing inputs, even for hyperpolarizations that occur near phys-

Table 1. Conductance and permeability values for the dopamine neuron model

Channel Soma Proximal (�51 �m) Distal (�51 �m)

Gbar (S/m 2)
Na 250 250 250
Na (leak) 0.135 0.135 0.135
KDR 20 20 20
SK 3 3 3
BK 500 500 500
IH 0.5, 1, or 3a 0.5, 1, or 3a 0.5, 1, or 3a

KA 24.5 to 32a 24.5 to 32a 0
Pbar (cm/s)

Ca–R type 0.5e-6 0.5e-6 0.5e-6
Ca–N type 1.2e-6 1.2e-6 1.2e-6
Ca–L type (1.2) 0.1e-6 0.1e-6 0.1e-6
Ca–L type (1.3) 5e-9 5e-9 5e-9
Ca–T type 0 0.1e-6 or 1e-6a 0.1e-6 or 1e-6a

aConductances and permeabilities are altered as indicated in Figure 11.

3316 • J. Neurosci., March 22, 2017 • 37(12):3311–3330 Tarfa et al. • Pause Enhancement by IA in Mesoaccumbal DA Neurons



iological voltages that are reached during natural pacemaker
firing.

To rule out the possibility that these subpopulation specific
responses may be attributed to differences in passive properties,

we calculated the resistance in each neuron that resulted from the
current amplitude injected in both mesoaccumbal and nigrostri-
atal dopamine neurons (Figs. 4G–I). Current injections that oc-
curred only during the middle 50% of the interspike interval were

Figure 3. Time-dependent development of the rebound delay. A, Example of rebound pauses in a mesoaccumbal neuron in response to 120 pA hyperpolarizing current injection delivered for
different durations. B, Same as in A for an example nigrostriatal neuron. C, D, Summary plots of rebound delays versus the duration of hyperpolarization in mesoaccumbal neurons (light blue
symbols) and nigrostriatal neurons (black symbols). Data are plotted as averages � SEM.
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Figure 4. Effect of short duration hyperpolarizations in mesoaccumbal and nigrostriatal dopamine neurons. A, Example traces from a single mesoaccumbal dopamine neurons in which
spontaneous firing was interrupted for 5 ms by a family of 20 pA current injection steps (left). The inset shows a zoomed in image of the 5 ms hyperpolarization. Center, Same example neuron to the
left, depicting the 25 ms hyperpolarization, carried out in 5 pA steps. Right, Same example neuron depicting the 100 ms hyperpolarization done in 5 pA steps. All neurons were injected with a series
of current injection steps for 5, 25, and 100 ms in the aforementioned current injection amplitudes, interleaved with the neuron’s spontaneous firing. B, Example traces from a single mesoaccumbal
dopamine neuron in which spontaneous firing was interrupted by separate 100 ms current injections. Top trace, A �35 pA injection hyperpolarized the membrane potential to a baseline voltage
of �55 mV, resulting in an ISI1 of 512.24 ms compared to an ISI0 of 330.4 ms. Bottom trace, A �55 pA injection hyperpolarized the membrane potential to a baseline voltage of �65 mV, resulting
in an ISI1 of 668.94 ms compared to an ISI0 of 320.66 ms. C, Same as in A for an example nigrostriatal dopamine neuron. Spontaneous firing was interrupted by a �125 pA (top) and a �300 pA
(bottom) current injection, which hyperpolarized the cell to a baseline voltage of �56 mV and �65 mV. In the top trace, ISI1 � 647.88 ms and ISI0 � 540.06 ms. In the bottom trace, ISI1 � 663.12
ms and ISI0 � 457.70 ms. D–F, Voltage dependence of the ISI1/ISI0 ratio in response to 5 ms (D), 25 ms (E), and 100 ms (F ) hyperpolarizations in mesoaccumbal (light (Figure legend continues.)
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used to calculate the resistance. To compare input resistance be-
tween mesoaccumbal and nigrostriatal cells, we averaged calcu-
lated resistance values over a range of current steps for which the
resistance values reached steady state (Fig. 4G–I, gray bars; 5 ms
steps, 200 –500 pA; 25 and 100 ms steps, 40 –120 pA). Comparing
the averaged resistance calculated at steady state for each neuron,
we found that there was no significant difference between me-
soaccumbal and nigrostriatal neurons in the resistance values for
steps of 5 ms (p � 0.49), 25 ms (p � 0.70), and 100 ms (p � 0.50).
This confirms that the differences in spike-to-spike latency that
we observed between mesoaccumbal and nigrostriatal neurons
are not due to differences in passive membrane properties.

Hyperpolarization-evoked spiking delays are lengthened by a
subclass of subthreshold potassium current (IA )
Previous studies have shown that A-type potassium currents
comprise the dominant subthreshold outward current in dopa-
mine neurons, constraining the rate of spontaneous firing in VTA
(Koyama and Appel, 2006; Khaliq and Bean, 2008) and SNc do-
pamine neurons (Liss et al., 2001). In addition, A-type potassium
currents are known to contribute to the duration of the rebound
delay in SNc cells (Amendola et al., 2012). We next tested the
relationship between the interspike voltage trajectory and re-
bound delay within cells in mesoaccumbal and nigrostriatal sub-
populations (Fig. 5A,B). Plotting the interspike voltage slope
against the rebound delay, we found that the interspike slope
shows a moderate to strong negative correlation with the dura-
tion of the rebound delay in both the mesoaccumbal neurons
(Pr � �0.64, n � 20, p � 0.0024) and nigrostriatal neurons (Pr �
�0.62, n � 28, p-value � 0.00043) (Fig. 5C,D). This demon-
strates that despite the large cell-to-cell variability that exists
within the data sets from each subpopulation, a clear relationship
exists between the duration of the rebound delay and the voltage
trajectory of the interspike spike interval in spontaneously firing
dopamine neurons.

We next tested the contribution of A-type potassium currents
to the interspike voltage trajectory of mesoaccumbal and nigro-
striatal neurons using the specific A-type potassium channel
blocker, AmmTX3 (Vacher et al., 2002). Bath application of
0.5–1 �M AmmTX3 resulted in a speeding of rate of spontaneous
firing by 54% (control, 3.0 � 0.2 Hz; AmmTX3, 4.7 � 0.3, n �
10) in mesoaccumbal neurons, and by 76% (control, 2.8 � 0.4
Hz; AmmTX3, 4.9 � 0.5, n � 5) in nigrostriatal neurons. In
addition, we compared the voltage trajectory of the interspike
intervals. On average, we found a significant increase in the slopes
of the interspike interval in response to AmmTX3 in mesoaccum-
bal (control, 38.7 � 4.0 mV/s; AmmTX3, 65.3 � 8.7 mV/s; n �
10) and nigrostriatal neurons (control, 39.0 � 7.0 mV/s; Am-
mTX3, 98.4 � 10.4 mV/s; n � 5; p � 0.0015; Fig. 5E,F). Sup-
porting previous findings (Khaliq and Bean, 2008), therefore, our
results are consistent with the idea that A-type potassium cur-
rents control pacemaking by dynamically controlling the rate of
spontaneous depolarization during the interspike interval.

We next tested the contribution of A-type potassium currents
to rebound delays in the mesoaccumbal and nigrostriatal dopa-

mine neuron subpopulations (Fig. 5G,H). We found that bath-
applied AmmTX3 dramatically reduced the duration of rebound
delays to only a fraction of the control duration in both mesoac-
cumbal (percentage control in AmmTX3, 79%; n � 9; p � 0.001;
Fig. 5I) and in nigrostriatal neurons (percentage control, 83%;
n � 6; p � 0.01; Fig. 5J). Altogether, these data provide a clear
demonstration that the variability in rebound delays that we ob-
serve across mesoaccumbal and nigrostriatal dopamine neuron
subpopulations correlates strongly with subthreshold voltage tra-
jectory, suggesting that IA is the common link between rebound
delay and interspike voltage trajectory.

GABA-evoked pauses are prolonged by recruitment of A-type
potassium currents
Our results so far strongly suggest that A-type potassium currents
prolong the duration of spiking delays following somatic current
injections but do not directly address their role in synaptically
evoked inhibitory pauses. Therefore, we tested the effect of Am-
mTX3 on GABAergic pauses evoked by 50 Hz stimulation of
inhibitory inputs for 300 ms. To isolate GABAergic inputs, we
included in the bath solution 50 �M D-AP5 and 20 �M CNQX to
block NMDA and AMPA receptors along with the nonspecific
mGluR antagonist 1 �M LY341495 and 1 �M sulpiride to block
dopamine (D2) autoreceptors. Following a 10 min baseline pe-
riod, we found that bath application of AmmTX3 resulted in a
56% reduction of the averaged pause, from 1783 � 44 ms in
control to 789 � 16 ms in AmmTX3 (n � 6; Fig. 6A,B). To verify
that the stimulation-evoked pause was synaptic in nature and not
due to direct stimulation, we blocked GABAA and GABAB recep-
tors using 100 �m picrotoxin and 1 mm CGP55845. This manip-
ulation completely abolished the pause, as shown in Figure 5A
(blue trace).

In an analogous set of experiments, we evoked pauses in do-
pamine neurons by shining blue light to uncage RuBi-GABA (40
�m) applied to the circulating bath solutions. Similarly, we found
that GABA uncaging-evoked pauses were significantly shortened
by 42% in the presence of AmmTX3, from 1995 � 120 ms in
control to 1164 � 83 ms in AmmTX3 (n � 6; Fig. 6C,D). These
uncaging experiments support our above findings examining
synaptically generated pauses and rule out the possibility that the
effect of AmmTX3 could be presynaptic. Therefore, these results
demonstrate that A-type potassium currents are recruited during
active inhibitory neurotransmission and likely prolong the dura-
tion of GABAergic pauses.

Comparison of inactivation kinetics, voltage dependence, and
recovery of A-type potassium currents in mesoaccumbal and
nigrostriatal neurons
To better understand the ionic basis of the differences observed in
the rebound delay between mesoaccumbal and nigrostriatal sub-
populations, we performed voltage-clamp experiments to test the
biophysical properties of the A-type potassium currents. To iso-
late A-type potassium currents, we recorded in a cocktail of
blockers that included 1 �M TTX, 30 �M nifedipine, and 50 mM

TEA-Cl to block voltage-gated sodium currents, low-threshold
L-type Ca2	 currents, and high-threshold potassium currents.

We first measured the kinetics and voltage dependence of
inactivation of isolated A-type potassium currents. Currents were
evoked by steps from �90 to �40 mV. A-type potassium cur-
rents in both mesoaccumbal and nigrostriatal neuron subpopu-
lations were by far the largest amplitude currents that were
present in the dopamine neurons (Liss et al., 2001; Khaliq and
Bean, 2008; Amendola et al., 2012; Figs. 7A,B). The amplitude of

4

(Figure legend continued.) blue symbols) and nigrostriatal (black symbols) subpopulations.
Asterisks indicate that mesoaccumbal and nigrostriatal cells display significant differences in
delay responses to 100 ms hyperpolarizations starting at baseline values of – 55 mV. G–I, Plots
of the average calculated resistance versus the current injection amplitude across all neurons
within the mesoaccumbal (light blue symbols) and nigrostriatal (black symbols) subpopula-
tions for 5 ms (G), 25 ms (H), and 100 ms (I) hyperpolarizations.
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Figure 5. AmmTX3, a specific blocker of Kv4 subunits, abolishes rebound pauses of all durations in mesoaccumbal and nigrostriatal dopamine neurons. A, Example of an averaged interspike
interval from a spontaneously active mesoaccumbal dopamine neuron. The black line indicates linear fit to slope. B, Rebound delay from the same neuron. C, D, Plot of the relationship between the
slope of the interspike voltage trajectory and the rebound delay. E, Example traces from a mesoaccumbal neuron demonstrating effect of 1M AmmTX3 on interspike voltage trajectory during
pacemaking. The interspike interval slope increased from 23.66 to 109.1 mV/s in the presence of 1M of AmmTX3. F, Effect of AmmTX3 on interspike voltage trajectory of a nigrostriatal neuron. The
interspike voltage increased from 34.5 to 94.47 mV/s in AmmTX3. G, H, Traces demonstrating effect of AmmTX3 in reducing rebound pause in mesoaccumbal (E) and nigrostriatal (F) dopamine
neurons. I, J, Averaged time course of normalized rebound delays under control conditions and following application of 1M AmmTX3 in mesoaccumbal (orange symbols; I) and nigrostriatal
dopamine neurons (black symbols; J). Data are shown as averages � SEM.
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IA measured from steps to �40 mV did not differ significantly
between subpopulations (mesoaccumbal, 1.65 � 0.32 nA, n �
22; nigrostriatal, 1.3 � 0.15 nA, n � 18; Mann–Whitney test, p �
0.26). However, we observed a striking difference in the inactiva-
tion kinetics of the A-type currents between mesoaccumbal and
nigrostriatal subpopulations (Fig. 7C,D). Specifically, A-type
currents recorded in nigrostriatal neurons decayed with relatively
fast time constants ranging from 13.5 ms to 68.9 ms, and exhib-
ited an average decay time constant of 36.2 � 3.3 ms (n � 18; Fig.
7D). By contrast, A-type currents measured in mesoaccumbal
neurons displayed a much wider range of inactivation time con-
stants from 14.5 to 224.3 ms, with 11 of 22 cells exhibiting atyp-
ically slow inactivation kinetics with decay time constants longer
than 100 ms. On average, A-type currents in mesoaccumbal neu-
rons had substantially slower decay time constants of 98.7 � 10.8

ms (n � 22; Fig. 7D; mesoaccumbal vs nigrostriatal, p � 3.4e-05,
Mann–Whitney test). As a point of comparison, A-type currents
measured in outside-out patches from CA1 pyramidal cells decay
much faster, with an average time constant of 26 ms (Kim et al.,
2008). Therefore, we found that inactivation of A-type potassium
currents in dopamine neurons occurs over a broad range of in-
activation rates, but is unusually slow in mesoaccumbal neurons.

In the same set of cells, we compared the voltage dependence
of inactivation. We determined the voltage dependence by plot-
ting the peak current measured at �40 mV against the prepulse
voltage and fit the data to the Boltzmann equation to obtain
voltages of half-inactivation. Interestingly, we found that the voltage
of half-inactivation of A-currents occurred at slightly more hyper-
polarized potentials in mesoaccumbal neurons relative to nigrostri-
atal neurons. On average, half-inactivation voltage was �66.6 � 1.4

Figure 6. Pauses evoked by inhibitory synaptic stimulation and GABA uncaging reduced by AmmTX3 block of A-type potassium currents. A, Effect of AmmTX3 on synaptically evoked pauses.
Cell-attached recording of a pause in a VTA neuron evoked by 50 Hz stimulation for 300 ms under control conditions (black trace), in AmmTX3 (red trace), and in the presence of picrotoxin and
CGP55845 (blue trace). Spikes are cropped. B, Averaged time course of inhibitory pause under control conditions and following bath application of AmmTX3 for 6 VTA neurons. C, Effect of AmmTX3
on inhibitory pauses evoked by RuBi-GABA uncaging. Cell-attached recording of a pause under control conditions (black trace) in AmmTX3 (red trace). Spikes are cropped. D, Summary plot of the
effect of AmmTX3 block on uncaging-evoked pause in six VTA neurons.
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mV (slope, 5.2 � 0.4; n � 18) in mesoaccumbal neurons but
�62.7 � 0.7 mV (slope, 4.7 � 0.16; n � 22) in nigrostriatal neurons
(mesoaccumbal vs nigrostriatal, p � 0.02, Mann–Whitney U;
Fig. 7E).

It is possible that the range of kinetics observed in our
recordings may result partly from inadequate space clamp.
However, two pieces of evidence argue against this scenario.
First, outside-out patch recordings from the dendrites and
soma of SNc dopamine neurons indicate that the highest of
density of IA channels is located in soma (Gentet and Williams,
2007). Second, dopamine neurons exhibit extraordinarily
high input resistances of 0.3–1 G� for principal neurons and
their dendrites display little branching, both of which result in
strongly isopotential soma and proximal dendrites (Hausser et
al., 1995; Khaliq and Bean, 2010; Hage and Khaliq, 2015).

The roughly exponential time course of the development of the
rebound delay shown in Figure 2 hints strongly at a process that
depends upon recovery from channel inactivation. Therefore, we
compared recovery from inactivation of A-type currents recorded
from mesoaccumbal and nigrostriatal dopamine neurons (Fig. 8).
To test recovery from inactivation, we applied a 250 ms conditioning
step to �40 mV to allow for nearly complete inactivation of IA that
was then followed by a variable period of recovery at �70 mV (Fig.
8A). The extent of recovery was then assayed using a test pulse to
�40 mV. Plotting the peak of the test pulse versus the recovery time

period, we found that these values fit well to a single exponential
indicating that recovery occurs mainly from only a single inactivated
state (Fig. 8B). In a population of cells (Fig. 8C), the time constant of
recovery recorded in mesoaccumbal neurons ranged widely from
24.26 to 133.33 ms, with an average of 64.51 � 12.84 ms (n � 8). In
nigrostriatal neurons, there was a trend toward a slightly quicker
recovery from inactivation which ranged from 32.1 to 46.28 ms, with
an average of 36.92 � 1.86 ms (n � 7). These values for recovery
from inactivation in both cell types match approximately the values
for development of the rebound delay shown in Figure 2, further
suggesting that A-type currents contribute strongly to rebound de-
lays. Therefore, we found that mesoaccumbal and nigrostriatal
dopamine neurons, exhibited pronounced differences in the kinetics
and voltage dependence, but not amplitudes, of their A-type potas-
sium currents.

Comparison of IH and sag potentials in mesoaccumbal and
nigrostriatal neurons
Because hyperpolarization-gated cation currents (IH) are
known to reduce the duration of the rebound delay in mid-
brain dopamine neurons (Neuhoff et al., 2002; Amendola et
al., 2012), we next asked whether differential expression of IH

contributes to the differences in rebound delays observed be-
tween mesoaccumbal and nigrostriatal dopamine neurons.
We directly recorded IH in voltage clamp with 1 s voltage steps

Figure 7. Biophysical properties of A-type potassium currents midbrain dopamine neurons. A, B, Voltage protocol (top) and example traces (bottom) of A-type potassium currents in mesoac-
cumbal (light blue traces; A) and nigrostriatal (black traces; B) dopamine neurons evoked by a family of voltage steps to �40 mV stepping from a range of voltages between �120 and �50 mV.
C, Comparison of inactivation kinetics of A-type potassium currents evoked by steps from �90 to �40 mV. Inactivation time constants were determined from fits to single exponential functions.
D, Summary of inactivation voltage dependence of half inactivation in mesoaccumbal (light blue symbols) and nigrostriatal (black symbols) dopamine neurons. E, Summary of inactivation time
constant measured from steps to �40 mV in mesoaccumbal and nigrostriatal dopamine neurons. ***, P � 0.05.
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from �40 mV to a range of hyperpolarized voltages between
�80 and �120 mV (Fig. 9 A, B). On average, the amplitude of
IH was significantly larger in the nigrostriatal compared to
mesoaccumbal neurons (amplitude at �120 mV, mesoac-
cumal, �257.9 � 56.3 pA, n � 12; nigrostriatal, �577.3 �
50.7, n � 9; p � 0.0033; Fig. 9C). Quantifying the kinetics of
IH, however, we found that IH activation is slow. The activa-
tion time constant measured from steps to �100 mV was 
1 s,
and we observed no significant differences in the average ac-
tivation time constant for IH in mesoaccumbal and nigrostri-
atal dopamine neurons at any of the voltages that were tested
(Fig. 9D).

Dopamine neurons respond to hyperpolarizing current injec-
tion with a characteristic depolarizing voltage sag due to activa-

tion of IH (Fig. 9E,F). We next compared sag potentials in
dopamine neuron subpopulations. To do this, we evoked voltage
sags by injecting hyperpolarizing current and then quantified sag
potentials by taking the voltage difference between the trough
voltage and the steady baseline voltage at the end of the current
step. Consistent with our voltage-clamp results described above,
we observed that voltage sags were approximately twice as large in
nigrostriatal neurons as measured in mesoaccumbal neurons (sag
potential at baseline of 
�86 mV, mesoaccumbal, 14.1 � 2.05 mV,
n � 28; nigrostriatal, 29.3 � 3.04 mV, n � 36; p � 0.00052;
Fig. 9G). Together, our results demonstrate the presence of
larger amplitude IH and, accordingly, larger amplitude sags in
the nigrostriatal subpopulation compared to the mesoaccum-
bal subpopulation.

Figure 8. Recovery from inactivation of A-type potassium currents in mesoaccumbal and mesostriatal dopamine neurons. A, Voltage protocol (top) and example traces (bottom) testing recovery
from inactivation following a 250 ms conditioning step from �70 to �40 mV. Recovery was tested over a range of intervals including 1–2000 ms. B, Plot of fraction of recovery for data shown in
A. Current from test pulses were normalized to current evoked by conditioning pulse. Fit to a single exponential function is shown in red. C, Summary of recovery time constants for A-type currents
recorded in mesoaccumbal and nigrostriatal neurons.
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Figure 9. Biophysical properties of H-current in mesoaccumbal and nigrostriatal subpopulations. A, B, Voltage protocols (top) and representative family of hyperpolarization-activated
currents (IH; bottom) evoked by a range of steps from �120 to �80 mV, recorded in a mesoaccumbal (A) and nigrostriatal (B) dopamine neurons. C, Summary current–voltage
relationship plots for H currents recorded from mesoaccumbal (light blue) and nigrostriatal (black) dopamine subpopulations. D, Summary of time constant of activation for H currents
measured in mesoaccumbal and nigrostriatal dopamine subpopulations. Time constant of activation values were obtained by fitting an exponential to the raw current traces of H currents.
E, F, Example traces displaying depolarizing sag potentials in response to hyperpolarizing current injections in mesoaccumbal (E) and nigrostriatal (F) neurons. Sag potentials were
measured as the difference between the peak minimum and baseline voltages. G, Summary plot of sag amplitudes measured in mesoaccumbal and nigrostriatal dopamine neurons.
***, P � 0.05.
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Correlating A-type potassium current kinetics and IH

amplitude to the duration of rebound delay in mesoaccumbal
and nigrostriatal dopamine neurons
Because mesoaccumbal and nigrostriatal dopamine subpopula-
tions differ in the kinetics of A-type potassium currents and in the
amplitude of IH, we next asked how closely the differences in
conductances correlate with the observed neuronal responses to
hyperpolarization (Fig. 10A,B). First, plotting the rebound slope
and against the inactivation kinetics of the A-type potassium cur-
rents (Fig. 10C), we found a strong negative correlation between
rebound slope and the time constant of A-type current inac-
tivation (Pr � �0.69, n � 29, p � 3.56e-0.5). We next com-
pared values for rebound slope and the amplitude of the IH

current and found that these values were positively correlated
with a Pr value of 0.59 ( p � 0.0016; Fig. 10D). We also found
a correlation between the amplitude of A-type current (at �40
mV) and the amplitude of IH (at �120 mV; Pr � 0.5, n � 26;
p � 0.009; Fig. 10E). By contrast, we found little to no corre-
lation between the rebound slope and absolute amplitude of
the A-type potassium current (Pr � �0.13; Fig. 10F ). There-
fore, our present data in the identified mesoaccumbal and
nigrostriatal subpopulations shows that the kinetics of IA and
the amplitude of IH correlates well with the duration of re-
bound delays in dopamine neurons.

Testing the relative contribution of IA kinetics and IH
amplitude to rebound delay in a computational dopamine
neuron model
To develop a better understanding of how differences in IA kinet-
ics and IH amplitude contribute to the rebound delay, we
constructed generalized single and multicompartmental compu-
tational models of a midbrain dopamine neuron containing ionic
conductances that approximated those recorded in our cells. The
model enabled us to selectively alter only the time constant of IA

inactivation while preserving the peak current amplitude, a ma-
nipulation that is not experimentally possible, and to generate a
within-cell prediction of how this manipulation would influence
rebound delays and GABAergic pauses. Figure 11A shows traces
of simulated A-type currents with inactivation decay time con-
stants ranging from 25–200 ms in a single compartmental model
of a dopamine neuron soma. We incorporated these conduc-
tances separately into the multicompartmental model and ran
simulations of the rebound delay or inhibitory pauses as shown in
the traces provided in Figure 11B–D.

Our first simulations tested the effect of slowing IA inactiva-
tion in a mesoaccumbal-like model cell with only a small ampli-
tude IH (Fig. 11B,C). Consistent with the correlations from
our experimental results, simulations of the mesoaccumbal-like
model predicted that slowing the time constant of inactivation,
while maintaining the peak current amplitude at a fixed value, is
sufficient to lengthen the pause in firing following hyperpolariza-
tion. In particular, an inactivation time constant of 25 ms resulted
in a rebound delay of 179.13 ms, while a decay time constant of
200 ms resulted in a delay of 1.038 s, about six times longer.
Similarly, we tested the direct effects of changing inactivation
kinetics of IA on the duration of pauses that follow GABAergic
stimulation (Fig. 11D). We simulated a 50 Hz GABAergic stimu-
lation (300 ms) onto a background of spontaneous firing in the
model cell with inactivation decay values ranging from 25 to 200
ms. We found that for an IA decay time constant of 25 ms, the
spike-to-spike delay was 604.98 ms, compared to 1.35 s for an IA

time constant of 200 ms (Fig. 11D). As such, our model shows

that the decay time constant of IA is a direct contributor to pauses
that result from synaptic inhibition.

However, it is possible that a model cell with a relatively large
IH amplitude (e.g., a nigrostriatal-like model) may be less af-
fected by changes in the IA inactivation time constant. Interest-
ingly, simulations of a nigrostriatal-like model neuron, which
had a substantially larger IH (two or six times larger amplitude, as
indicated by the prominent sag shown in Fig. 11E) were qualita-
tively similar to the model with a small IH (1�). We found that
increasing the density of IH in the model cell speeded the rebound
delay in a mesoaccumbal-like model neuron with 200 ms IA in-
activation time constant (Fig. 11E). Rebound delays for model
cells with IH densities of 1, 2, and 6� were 1038.14, 964.97, and
799.66 ms. Therefore, increasing the density of IH by six times
resulted in a reduction in the slope of the rebound delay versus
inactivation time constant relationship (Fig. 11F). However, in-
creasing the amplitude of IH did not abolish the effect of slowing
inactivation on the rebound delay. In combination with the rel-
ative amplitude of IA and IH, these simulations from our compu-
tational model support correlations from our experimental data
that the kinetics of IA strongly regulate the timing of spikes fol-
lowing hyperpolarizing inhibition.

Midbrain dopamine neurons have been shown to express
T-type calcium currents (Kang and Kitai, 1993; Wolfart and Ro-
eper, 2002; Philippart et al., 2016), which are also activated in
approximately the same voltage range as A-type potassium cur-
rents (Anderson et al., 2010). Therefore, we assessed the effect of
T-type calcium currents on the rebound delay in our model neu-
ron. Increasing the T-type calcium conductance from 1� to 10�
greater resulted in a decrease in the rebound delay for all IA inac-
tivation time constants examined (Fig. 11G,H). However, we
found that increasing T-type currents did not significantly alter
the overall trend in our data. Therefore, our findings are consis-
tent with the idea that T-type calcium currents contribute to
shorter rebound delays, but are less effective in the presence of
slowly inactivating IA. Together, computational modeling and
experimental results clearly demonstrate the role of slow inacti-
vation kinetics of IA in shaping the rebound pause.

Discussion
Here, we show that mesoaccumbal and nigrostriatal dopamine
neurons are distinguished by their sensitivity to inhibitory events
(“rebound properties”) resulting from differences in the intrinsic
conductances that shape pauses. In particular, we found that me-
soaccumbal neurons respond to hyperpolarizing current pulses
with significantly longer delays in spiking relative to nigrostriatal
neurons. The differences in the rebound delays were dependent
upon the strength and duration of inhibitory pulses, with hyper-
polarizations of 100 ms or longer evoking near maximal delays in
both neuronal subpopulations. The ionic mechanism underlying
longer delays in mesoaccumbal neurons is an inactivating A-type
potassium current that decays slowly, along with weak expression
of H currents. Computational modeling supports the idea that
A-type potassium currents are recruited during rebound delays
and synaptically evoked pauses to prolong pauses in a manner
that strongly depends on the inactivation time constant of IA.
Together, our results demonstrate that IA shapes responses of
dopamine neurons to GABAergic inhibitory inputs and suggest
that the slow kinetics of IA result in heightened sensitivity of
mesoaccumbal neurons to hyperpolarizing inhibition. We pro-
pose that these results may explain, in part, the observation that
many dopamine neurons of the VTA and ventromedial SNc re-
corded in vivo exhibit robust pause responses to aversive stimuli
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Figure 10. Correlation of inactivation kinetics of IA and the amplitude of IH with rebound properties in mesoaccumbal and nigrostrial dopamine neurons. A, Left, Example of rebound delay in
mesoaccumbal (MA) dopamine neuron. The linear fit to determine the rebound slope is shown in red. Right, Voltage-clamp-recorded IA (top) and IH (bottom) currents from same neuron shown in
A. A-type potassium currents were elicited by a step to �40 mV (top), and IH currents were measured from a step to �120 mV. B, Plot of rebound slope versus IA inactivation time constant. Data
from mesoaccumbal neurons are shown with light blue open symbols, and those from nigrostriatal (NS) neurons are shown with black open symbols. The linear fit to the data is shown in red along
with Pr values. Light blue and black closed symbols are average�SEM. C, Plot of rebound slope versus IH current amplitude. D, Plot of IA amplitude versus IH amplitude. E, Plot of rebound slope versus
IA current amplitude. Note that the linear fit is not shown due to lack of correlation (Pr � �0.13).
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Figure 11. Computational model testing the relative contribution of IA, IH, and IT to the rebound delay and GABAA-evoked pauses in firing. A, Traces of simulated A-type potassium currents
covering the experimentally observed range of inactivation time constants from 25 to 200 ms. IA currents were elicited by steps from �90 to �30 mV. Important to note is that the model
conductances were adjusted to offset changes in peak current amplitudes resulting from alteration of decay time constants. B, Rebound delays increase in duration in models with slower IA

inactivation kinetics. C, Voltage dependence of the rebound delay plotted in a model for IA time constant of inactivation ranging from 25 to 200 ms. Note the increase in the rebound delay with
increasing voltage and with increase in the inactivation tau of IA. D, GABAA evoked pauses increase in duration in models with slower IA inactivation kinetics. Simulated synaptic input was delivered
at 50 Hz for 300 ms. E, Comparison voltage sags in three model neurons that range in relative peak conductance values of IH from one to six times peak, using an IA tau value of 200 ms. F, Plot of
inactivation time constant of IA versus rebound delays, measured from a baseline voltage of �70 mV, in models with amplitudes of IH ranging from one to six times the peak. G, Comparison of
rebound delay in two model neurons where T-type calcium is present at our control permeability value and at 10 times that value, with 200 ms of IA inactivation tau. Note the decrease in the rebound
delay with T-type calcium present. H, Plot of rebound delay versus inactivation tau of IA in the our model neuron where T-type calcium current is present at our control permeability value (light blue
circles) and 10 times that value (black circles).
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while dorsolateral SNc neurons exhibit much weaker responses
(McHaffie et al., 2006; Brown et al., 2009; Matsumoto and Hiko-
saka, 2009; Lerner et al., 2015).

Heterogeneity in IA inactivation kinetics:
molecular mechanism
Heterogeneity in IA inactivation kinetics has been observed in
several neuronal types. Specifically, decay time constants ranging
from 20 to 100 ms, and even up to 300 ms, have been observed in
neurons of the nucleus of the tractus solitarii (Strube et al., 2015),
tuberomammillary neurons (Jackson and Bean, 2007), globus
pallidus and basal forebrain neurons (Baranauskas, 2004). Like-
wise, our data show a broad range of inactivation kinetics in
mesoaccumbal neurons with many cells exhibiting atypically
slow inactivating A-type potassium currents (average tau inacti-
vation of mesoaccumbal neurons, 
98 ms), while mesostriatal
neurons display a much narrower range of inactivating currents,
consistent with data from unlabeled SNc dopamine neurons (Liss
et al., 2001; Amendola et al., 2012). By contrast, A-type potassium
currents found in the hippocampal CA1 pyramidal and most
cerebellar granule neurons inactivate more quickly with decay
time constants between 10 and 45 ms (Jerng et al., 2004; Kim et
al., 2008).

The molecular mechanism of heterogeneity among A-type
potassium currents has been examined both in heterologous ex-
pression systems and in a variety of neuronal cell types (Carras-
quillo et al., 2012; Jerng and Pfaffinger, 2014). From these studies,
several accessory subunits have been identified and shown both
to influence channel density and to modulate the properties of
A-type currents, including dipeptidyl peptidase (DPP) subunits
(Nadal et al., 2003) as well as the Kv channel-interacting proteins
(KChIPs; An et al., 2000; Ohya et al., 2001). A rigorous study of
A-type currents in pyramidal neurons of the visual cortex using
knock-out models and RNAi knockdown techniques found that
KChIP2, KChIP3, and KChIP4 are necessary for the formation
and expression of functional Kv4.2 channels (Norris et al., 2010).
A separate study of globus pallidus and basal forebrain neurons
found a correlation between the presence of KChIP4 subunit A
mRNA and slowly inactivating A-type currents (up to 300 ms
inactivation time constant; Baranauskas, 2004). These studies are
consistent with results from expression systems showing that co-
expression of KChIP1– 4 with Kv4 subunits slows inactivation
and speeds the recovery from inactivation (Patel et al., 2002;
Gebauer et al., 2004; Jerng et al., 2005; Kitazawa et al., 2014).

In dopamine neurons, the molecular correlate of IA remains
an important and open question. Past work in substantia nigra
neurons has shown that the pore forming subunit, Kv4.3, exists
within a complex with the long isoform of KChIP3 (Liss et al.,
2001). Interestingly, analysis of a recently published data set pro-
filing the total cellular RNA of dopaminergic neurons using
translating ribosome affinity purification techniques (TRAPseq)
in transgenic mice shows results that are consistent with this
observation (Brichta et al., 2015) and in addition reveals high
levels of mRNA fragments from DPP6, DPP10, KChIP1, KChIP3,
and KChIP4 in samples from both VTA and SNc dopaminergic
neurons. These data align in part with reports that IA inactivation
is speeded in VTA dopamine neurons recorded in KChIP4
knock-out mice (Kashiotis, 2011), which also exhibit fewer and
shorter duration pauses in behavioral experiments (Costa et al.,
2014, 2016). Future work should address the role KChIPs and
other Kv4 accessory subunits in modulating IA and further ex-
amine the effects of this modulation on the function of distinct
dopamine neuron subpopulations.

Diversity of pauses and underlying mechanisms in midbrain
dopamine neurons
The two main types of pauses that have been observed in dopa-
mine neurons recorded from in vivo preparations are inhibitory
pauses and postburst pauses. Unlike the findings from in vivo
experiments (Clark and Chiodo, 1988), however, our data show
that mesoaccumbal and nigrostriatal dopamine neurons exhibit
almost identical postburst pauses. This observation suggests that
the mechanisms that underlie postburst pauses may be distinct
from those shaping inhibitory pauses. Postburst pauses may
involve small-conductance, calcium-activated (SK) currents ac-
tivated by increases in intracellular Ca2	 that result from high-
frequency spiking or activation of metabotropic glutamate
receptors (Fiorillo and Williams, 1998; Morikawa et al., 2003). In
addition, it is likely that bursting neurons can experience pauses
caused in part by Na	 channel inactivation during the refractory
period (Tucker et al., 2012). Inhibitory pauses are also initiated as
well as maintained to some extent by synaptic or modulatory
inputs (Fiorillo and Williams, 1998; Gantz et al., 2013). However,
unlike postburst pauses, our data show that pauses evoked by
synaptic inhibition involves far fewer intrinsic conductances and
are dominated by IA and IH, but also may involve T-type Ca 2	

channels in a subset of SNc neurons (Evans and Khaliq, 2015).
Therefore, the intrinsic conductances that differentiate pauses in
mesoaccumbal and nigrostriatal neurons are valid for inhibitory
pauses. The extent to which these conductances contribute to
pauses evoked by excitation remains undetermined.

Functional significance
A number of recent studies in vivo have demonstrated physiolog-
ical heterogeneity in responses to aversive stimuli that correlates
with the anatomical position of cells within the midbrain. For
example, a study of dopamine neurons in monkeys reported that
dorsolateral tier SNc neurons (dorsal striatum projecting) in-
crease their firing in response to aversion, while ventromedial
SNc and VTA neurons (ventral striatum projecting) pause their
activity (Matsumoto and Hikosaka, 2009). In a separate study in
mice, intracellular Ca2	 signals recorded in response to aversive
stimuli were enhanced in dorsolateral striatum projecting dopa-
mine neurons but inhibited in ventromedial striatum projecting
neurons (Lerner et al., 2015). Similarly, other studies have shown
that aversive stimuli result in either short-latency pauses or only
weakly reduce firing in SNc neurons (Brown et al., 2009), but
result in long-latency aversive pauses in VTA dopamine neurons
(Mileykovskiy and Morales, 2011). While these studies establish
that diversity exists in aversive responses among dopamine neu-
rons, our results provide insight into the underlying cellular
mechanisms. To build upon our findings of diversity in integra-
tion of inhibitory inputs, it will be important for future experi-
ments performed in vitro and in vivo to examine features of
synaptic inputs, including determining activity patterns of pre-
synaptic neurons and synaptic weights that contribute to overall
functional heterogeneity among dopamine neurons.
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